Signaling through the immune checkpoint programmed cell death protein-1 (PD-1) enables tumor progression by dampening antitumor immune responses. Therapeutic blockade of the signaling axis between PD-1 and its ligand programmed cell death ligand-1 (PD-L1) with monoclonal antibodies has shown remarkable clinical success in the treatment of cancer. However, antibodies have inherent limitations that can curtail their efficacy in this setting, including poor tissue/tumor penetrance and detrimental Fc-effector functions that deplete immune cells. To determine if PD-1:PD-L1-directed immunotherapy could be improved with smaller, nonantibody therapeutics, we used directed evolution by yeast-surface display to engineer the PD-1 ectodomain as a high-affinity (110 pM) competitive antagonist of PD-L1. In contrast to anti-PD-L1 monoclonal antibodies, high-affinity PD-1 demonstrated superior tumor penetration without inducing depletion of peripheral effector T cells. Consistent with these advantages, in syngeneic CT26 tumor models, high-affinity PD-1 was effective in treating both small (50 mm 3 ) and large tumors (150 mm 3 ), whereas the activity of anti-PD-L1 antibodies was completely abrogated against large tumors. Furthermore, we found that high-affinity PD-1 could be radiolabeled and applied as a PET imaging tracer to efficiently distinguish between PD-L1-positive and PD-L1-negative tumors in living mice, providing an alternative to invasive biopsy and histological analysis. These results thus highlight the favorable pharmacology of small, nonantibody therapeutics for enhanced cancer immunotherapy and immune diagnostics.
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protein engineering | cancer immunotherapy | PET imaging | PD-1 | PD-L1 L ymphocyte activity is regulated by a complex series of stimulatory, costimulatory, and inhibitory cues. Although the central regulator of T-lymphocyte function is the T-cell receptor (TCR), the balance between positive and negative signaling inputs deeply shapes the response that lymphocytes mount upon exposure to reactive peptide/MHC complexes (1) . As a cause and consequence of their development, cancer cells accumulate somatic mutations that distinguish them from noncancerous cells. These tumor "neo-antigens" can be recognized by the TCRs of cytotoxic T lymphocytes and in many cases prompt an endogenous antitumor response by the immune system (2) . Thus, immunogenic tumors must exploit, or at least indirectly benefit from, immunosuppressive pathways to escape immune destruction (3) .
Expression of the inhibitory programmed cell death ligand-1 (PD-L1) in the tumor environment is a key exemplar of this phenomenon. PD-L1 normally serves to prevent autoimmunity by engaging its receptor, programmed cell death protein-1 (PD-1), on activated T cells (4) . Upon binding to either of its two ligands, PD-L1 and PD-L2, PD-1 initiates an inhibitory signaling cascade through its intracellular signaling domains, including an immunoreceptor tyrosine-based inhibitory motif and immunoreceptor tyrosine-based switch motif (5) . The result is activation of SHP phosphatases that oppose TCR signaling. Although beneficial in preventing excessive or harmful inflammation under normal conditions, in the context of cancer, tumor and stromal PD-L1 expression presents a barrier to immune function by contributing to the exhaustion of the antitumor lymphocytes that might otherwise clear the malignancy (6) . Consequently, the PD-1:PD-L1 pathway has emerged as a critical target for cancer immunotherapy, and monoclonal antibodies that block either side of this inhibitory interaction have demonstrated impressive activity across a broad set of cancer subtypes, even at advanced and metastatic stages of disease (7) (8) (9) (10) (11) .
Despite their proven utility, antibodies have specific drawbacks as therapeutics, which may be especially pertinent when targeting the PD-1:PD-L1 signaling pathway. For example, PD-1-expressing effector T cells are found infiltrated within solid tissue of PD-L1-expressing tumors (6) . This is problematic for antibodies, which are impeded from entering tumors due to their large size (12) . It follows that antibodies may therefore fail to completely antagonize PD-1:PD-L1 signaling at the intended therapeutic site within tumors, leading to suboptimal efficacy. An additional limitation of antibodies is their ability to activate cytotoxic immune responses
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Conflict of interest statement: A.M.R., R.L.M., A.C.K., A.M., S.R.G., M.N.M., and I.L.W. are inventors of patents related to the high-affinity PD-1 proteins described in this manuscript. S.R.G. provides paid consulting services for Ab Initio Biotherapeutics, Inc., which licensed the aforementioned patents. A.M.R., R.L.M., A.C.K., and A.M. are founders of Ab Initio Biotherapeutics, Inc. through natural killer cells and macrophages (e.g., ADCC/ADCP) (13) . Although this Fc-mediated effect is in fact required for the efficacy of some immunotherapeutic antibodies (14) , it may in part be counterproductive in the case of this receptor-ligand pair. Both PD-1 and PD-L1 are expressed on the surface of antitumor cytotoxic T cells (15, 16) , and as such, antibodies targeting PD-1 and PD-L1 may paradoxically result in the undesirable depletion of the very lymphocytes they are intended to activate. Consistent with this hypothesis, treatment with anti-PD-1 antibodies of anti-PD-1 antibodies has been reported to correlate with lower circulating T-cell numbers in patients (17) .
To date, most studies of PD-1 or PD-L1 blockade have used monoclonal antibodies. In principle, a soluble fragment of the PD-1 ectodomain could be administered as a competitive antagonist of PD-L1. At 14 kDa in size, this agent would be approximately an order of magnitude smaller than a monoclonal antibody (150 kDa) and also lack an antibody Fc moiety. We thus sought to determine whether such an alternative agent could exhibit improved antitumor responses by avoiding antibody-intrinsic limitations.
Results
Directed Evolution of High-Affinity PD-1 Variants That Antagonize PD-L1. Given its modest affinity for PD-L1 (K D of 8.2 μM) (18), the wild-type PD-1 ectodomain is a poor candidate to competitively antagonize the PD-1:PD-L1 interaction in a therapeutic context. We thus sought to enhance the affinity of PD-1 for PD-L1 using directed evolution with yeast-surface display. Our engineering strategy used a two-library approach. A first library was used to identify mutational "hotspots" that impart large gains in affinity, and a second library served to determine the optimal combination of beneficial mutations derived from the first library.
To design the initial, "first-generation" library, we studied the crystal structure of the complex between murine PD-1 (mPD-1) and human PD-L1 (hPD-L1) (19) and identified 22 corresponding residues in human PD-1 (hPD-1) at the contact interface with PD-L1 for randomization (Fig. 1A and SI Appendix, Fig. S1 ). We displayed this library on the surface of yeast and performed four rounds of selection using recombinant, biotinylated hPD-L1 ectodomain as the selection reagent (Fig. 1B, Generation 1) . Biophysical characterization of the resulting clones showed a 400-500-fold increase in affinity for hPD-L1, as measured by surface plasmon resonance (Fig. 1C) . However, the clones exhibited poor biochemical behavior, with decreased expression yield and a tendency toward aggregation. Inspection of the variants (Fig. 1C) revealed an average of 16 mutations per clone, with several of the randomized positions converging on a small set of mutations (e.g., V39, N41). Other positions appeared to either diverge (e.g., S48, D52) or have a strict preference for the original wild-type residue (e.g., P105, E111). These results suggested that the first-generation variants likely contained a mixture of beneficial mutations, nonfunctional passenger mutations, and deleterious mutations, as would be expected given the very large theoretical diversity of the library (∼10 20 ) that was sampled with 10 8 yeast transformants. We thus created a "second-generation" library to eliminate unnecessary and deleterious substitutions, while simultaneously optimizing combinations of mutations that impart enhanced affinity (SI Appendix, Fig. S2 ). As such, we focused the library onto those positions that appeared to be converging away from wild type and also introduced variation at "core" positions within the PD-1 ectodomain (Fig. 1A) . Through five rounds of selection, we obtained variants that strongly bound PD-L1 (Fig. 1B , Generation 2). Compared with wild-type hPD-1, the selected variants bound hPD-L1 with 15,000-40,000-fold enhanced affinity, while showing a strong trend toward convergence onto a consensus sequence of 10 amino acid substitutions comprising eight contact residues and two core residues (Fig. 1C) . We produced two versions of this high-affinity consensus (HAC) PD-1 that differed only by an isoleucine or valine at position 41 (termed HAC-I and HAC-V, respectively), and we found them to be indistinguishable by affinity or biochemical behavior. Both HAC-PD-1 variants could be easily expressed, were monomeric, and bound hPD-L1 with K D values of ∼100 pM (Fig. 1C ). This increase in affinity was largely driven by a dramatic reduction in off-rate, yielding dissociation half-lives of ∼40 min, compared with less than 1 s for the wild-type hPD-1:hPD-L1 interaction ( Fig. 2A) .
To assess the ability of the engineered PD-1 variants to antagonize PD-L1 on cancer cells, we performed competitive binding experiments on human and murine melanoma cell lines. On human SK-MEL-28 cells, HAC-PD-1 blocked the binding of wild-type PD-1 tetramers with an IC 50 of 210 pM, a 40,000-fold enhancement in potency compared with blockade with wild-type monomeric hPD-1 (IC 50 , 8.2 μM) (Fig. 2 B, Left) . Although we performed our selections using hPD-L1, HAC-PD-1 fortuitously also showed enhanced blockade of PD-L1 on murine B16-F10 cells (IC 50 , 69 nM) in contrast to wild-type hPD-1 (IC 50 , 2.6 μM), albeit with a decreased potency relative to its blocking on human cells (Fig. 2 B, Center) . To generate a HAC-PD-1 variant that could more efficiently antagonize mPD-L1 for in vivo studies, we fused the sequence of HAC-PD-1 to the dimeric CH3 domain of human IgG1 to create a HAC "microbody" (HACmb; SI Appendix, Fig.  S3 ). By virtue of the increased avidity imparted by its dimeric structure, HACmb potently blocked both hPD-L1 (IC 50 , 55 pM) and mPD-L1 (IC 50 , 1.2 nM) on SKMEL28 and B16-F10 cells, respectively ( Fig. 2 B, Center) . We also sought to characterize the cross-reactivity of HAC-PD-1 for the second ligand of PD-1, PD-L2. In competitive binding experiments on yeast displaying the ectodomain of hPD-L2, we found that HAC-PD-1 did not measurably inhibit the PD-1:PD-L2 interaction, compared with wild-type PD-1 (IC 50 , 2.5 μM; Fig. 2 B, Right) Taken in aggregate, these results indicated that the HAC-PD-1 variants could potently and specifically antagonize the PD-1:PD-L1 interaction.
Tumor Penetration and T-Cell Depletion Studies. To assess PD-L1 binding and tumor penetrance of HAC-PD-1 in vivo, we used genome editing techniques to generate sublines of the mouse colon cancer line CT26 that were either definitively negative for mPD-L1 expression or negative for mPD-L1 but constitutively positive for hPD-L1 expression. These sublines could be readily distinguished by in vitro staining with either fluorescently labeled anti-hPD-L1 antibody (clone 29E.2A3) or fluorescently labeled HAC-PD-1 protein (SI Appendix, Fig. S4A ). Using these engineered lines, we engrafted mice bilaterally with PD-L1-negative and hPD-L1-positive tumors. Once the tumors had grown to ∼1 cm in diameter, we delivered a mixture of fluorophore-labeled antihPD-L1 antibody and fluorophore-labeled HAC-PD-1 by i.p. injection. After 4 h, we dissected the paired tumors and assessed the degree of binding by each agent using both fluorescence microscopy and flow cytometry analysis.
In all PD-L1-negative tumors, histological analysis revealed no detectable binding by either anti-PD-L1 antibody or HAC-PD-1, confirming the specificity of both agents ( ( Fig. 3C ). This difference was not due to exclusion of anti-PD-L1 antibody binding by high-affinity HAC, as dissociated cells stained in vitro with titrations of the two agents were uniformly double-positive even at a molar excess of HAC:antibody of >100:1 (SI Appendix, Fig. S4B ). Taken together, these data illustrate that HAC-PD-1 was able to bind PD-L1 on tumor cells that were otherwise inaccessible to antibody binding.
In addition to its smaller size, HAC-PD-1 lacks an Fc domain, and therefore we reasoned that, in contrast to antibodies, it would not contribute to an immune-mediated depletion of circulating T-cell numbers. To test this hypothesis, we engrafted wild-type BALB/c mice with tumors derived from the syngeneic colon cancer line CT26, and beginning 14 d postengraftment, we administered daily treatments of PBS, anti-mouse PD-L1 antibody (clone 10F.9G2), or HACmb (used in this case rather than monomer for its enhanced binding to mouse PD-L1). At 72 h after initiation of treatment, mice injected with anti-PD-L1 antibody exhibited a 15% decrease (P = 0.011) in circulating peripheral blood CD8+ T cells (Fig. 3D) . Although PD-L1 expression was detectable on the vast majority of CD4+ and CD8+ cells in tumor-engrafted mice (SI Appendix, Fig. S6 ), the depletive effect was specific to CD8+ T cells, largely sparing the CD4+ compartment ( Fig. 3D) . In contrast to the antibody, daily treatment with HACmb protein had no detectable effect on circulating T-cell levels (Fig. 3D) .
Although the depletion of CD8+ cells mediated by anti-PD-L1 antibodies was relatively modest, future immunotherapy regimens may involve cotreatment with drugs that activate or disinhibit the innate immune system, such as antibodies that agonize CD137 or inhibit CD47. These agents may thus exacerbate the T-cell-depletive effect of anti-PD-1 and anti-PD-L1 antibodies. To assess this possibility, we administered an antimouse CD47 antibody to tumor-engrafted mice either alone or in combination with anti-mouse PD-L1 or HACmb. Treatment with anti-CD47 was sufficient to reduce T-cell populations in both the CD4+ and CD8+ compartments (Fig. 3D) , and combination treatment with anti-CD47 and anti-PD-L1 further exacerbated the depletion of CD8+ T-cell levels, to ∼60% of their normal proportion (Fig. 3D ). As expected, HACmb did not contribute to a further depletion in anti-CD47-treated mice (Fig.  3D) , consistent with our observation that HACmb does not stimulate phagocytosis of PD-L1-positive cells by macrophages in vitro (SI Appendix, Fig. S7 ). These observations suggest that directed agents may have pleiotropic effects on T-cell dynamics that may , anti-mouse PD-L1, HACmb, anti-mouse CD47, or combinations of these agents to mice engrafted with CT26 tumors. Significance is indicated relative to the PBS control. ns, not significant. *P < 0.05, ***P < 0.001, one-way ANOVA.
include Fc-mediated depletion as well as stimulation of T-cell trafficking into tumors, as has been hypothesized elsewhere (17) .
Therapeutic Efficacy of HAC-PD-1 in Syngeneic Tumor Models. Given that HAC-PD-1 agents effectively antagonize both human and mouse PD-L1, we sought to test whether this blockade could reproduce the antitumor effects of anti-PD-L1 antibodies. As an initial test of the in vivo efficacy of HAC-PD-1, we engrafted wild-type, immunocompetent BALB/c mice with syngeneic CT26 tumors, which have previously been shown to be responsive to anti-PD-L1 antibodies (20) . After an initial dose-finding experiment for the anti-mPD-L1 antibody (SI Appendix, Fig. S8 ), we compared its antitumor effectiveness with HACmb. On day 7 postengraftment, when tumors had reached an average size of ∼50 mm 3 , we randomized mice to treatment cohorts and began daily injections with PBS, antimouse PD-L1 antibody (clone 10F.9G2), or HACmb (Fig. 4A) . As expected, the tumors of PBS-treated mice grew rapidly. However, by day 14, treatment with either anti-PD-L1 or HACmb had significantly slowed tumor growth relative to controls ( Fig. 4A ; P = 2 × 10 −4 and P < 1 × 10
, respectively), and their efficacy was indistinguishable in this small tumor model ( Fig. 4A ; P = 0.99). To assess the mechanism of antitumor activity for HACmb, we also engrafted immunocompromised Rag2
mice, which lack lymphocytes including T cells, with CT26 tumors. In contrast to wild-type BALB/c mice, HACmb provided no therapeutic benefit in the immunocompromised mice (SI Appendix, Fig. S9 ). Taken together, these results indicated that HACmb activates the adaptive immune system to treat small tumors with an efficacy equal to that of anti-PD-L1.
Many reports of mouse cancer models depend on very early treatment of tumors to demonstrate robust therapeutic effects, as per the design of our initial experiment. However, given the superior tissue penetrance of HAC PD-1, and its ability to block PD-1:PD-L1 interactions without inducing counterproductive depletion of circulating T cells, we hypothesized that its advantages over antibodies might be most apparent when treating Table S3 .
larger, more challenging tumors. To this end, we initiated an experiment in which we engrafted BALB/c with CT26 cells and monitored their tumor volume daily. Only when an individual tumor achieved a minimum volume of 150 mm 3 , or roughly three times the average starting size of our previous experiment, did we randomize the host mouse into a cohort and initiate treatment. This change in experimental protocol had a profound effect on the comparative efficacy of these agents. Whereas anti-PD-L1 antibody and HACmb were equivalent in treating very small CT26 tumors (Fig. 4A) , in the case of larger tumors, even daily injection of anti-PD-L1 antibody failed to register any measurable efficacy over PBS treatment ( Fig. 4B ; P = 0.464). Conversely, HACmb maintained its ability to significantly reduce tumor growth in large tumors over the duration of the study, compared with either PBStreated ( Fig. 4B ; P < 1 × 10 −4 ) or antibody-treated mice ( Fig. 4B ;
). Therapeutic combination of immune-stimulating agents, such as anti-PD-1/anti-PD-L1 with anti-CTLA4 antibodies, is emerging as an important paradigm in cancer immunotherapy. We therefore tested whether the superior efficacy of HACmb as a monotherapy would extend to a combination with anti-CTLA4 antibodies. By itself, anti-CTLA4 antibody therapy was effective in this large tumor model, slowing the growth of tumors relative to PBS treatment ( Fig. 4B ; P < 1 × 10 −4 ); however, cotreatment with anti-PD-L1 antibody alongside anti-CTLA4 antibody failed to produce any additional benefit over anti-CTLA4 alone ( Fig. 4B ; P = 0.756). In contrast, HACmb improved anti-CTLA4 therapy, as mice treated with a combination of anti-CTLA4 and HACmb had significantly smaller tumors compared with either HACmb ( Fig. 4B ; P = 0.012) or anti-CTLA4 alone ( Fig. 4B ; P = 0.006).
In summary, these in vivo studies demonstrate that HAC-PD-1 is effective in treating syngeneic mouse tumors. These results illustrate that increases in tumor size disproportionately affect the efficacy of anti-PD-L1 antibodies, potentially rendering them ineffective once tumors surpass a certain size threshold, whereas HAC-PD-1 remains efficacious in a more challenging tumor model. This observation thus suggests that anti-PD-1 or anti-PD-L1 antibodies may not fully capture the maximal therapeutic benefit of PD-1:PD-L1 blockade and that further improvements are possible with optimized therapeutic agents.
In Vivo Detection of PD-L1 Expression by PET with 64 Cu-Radiolabeled HAC-PD-1. Expression of PD-L1, by tumor cells or by tumor stroma, has been suggested as a potential biomarker to predict response to PD-1-or PD-L1-directed immunotherapies (21) . At present, PD-L1 expression on tumors is most commonly assessed through biopsy followed by immunohistochemical staining. However, in addition to the associated risk and contraindications of the biopsy procedure, the resulting tissue analysis is complicated by the heterogeneous spatial expression pattern of PD-L1 within a tumor. "Immuno-PET" can provide a noninvasive means by which to measure the expression of PD-L1 throughout an entire tumor simultaneously, without the need to excise any tissue. We reasoned that, owing to its high affinity and specificity for PD-L1, as well as its enhanced tissue penetration, a radiolabeled HAC-PD-1 could thus serve as an effective PET probe to assess tumor PD-L1 expression.
To develop a PET tracer based on the HAC-PD-1 scaffold, we conjugated a mutated variant, HAC-N91C, with the thiol-reactive bifunctional chelate DOTA-maleimide (22) . Although the apparent hPD-L1 affinity of DOTA-HAC was weaker than its parent sequence HAC-V, DOTA-HAC nonetheless antagonized hPD-L1 1,200-fold more potently than WT PD-1 (SI Appendix, Fig.  S10A ). Subsequent radiolabeling with 64 Cu produced the hPD-L1-specific radio-protein 64 Cu-DOTA-HAC, which possessed a specific activity of 8-10 μCi/μg and radiochemical purity greater than 98%. Furthermore, 64 Cu-DOTA-HAC exhibited high immunoreactivity in vitro where it readily bound hPD-L1-positive cells (80.5% ± 1.9%) compared with control hPD-L1-negative cells (8.3% ± 0.1%) (SI Appendix, Fig. S10B ). We used this PET tracer to visualize whole-body hPD-L1 expression in a living mouse. 64 Cu-DOTA-HAC showed a strong tumor/muscle and tumor/ blood signal (>sixfold enhancement, P < 0.05) at 1 h postinjection ( Fig. 5A and SI Appendix, Fig. S12 ), with high uptake in the kidney, indicating rapid renal clearance of free drug from blood (SI Appendix, Figs. S11 B and E and S12), and high signal in the liver, consistent with copper-specific binding by liverexpressed proteins (Fig. 5A and SI Appendix, Fig. S12 ). The lack of signal within PD-L1-negative tumors (Fig. 5A and SI Appendix, Fig. S11C ) or in hPD-L1-positive tumors blocked by prior injection of 500 μg of unlabeled HAC-PD-1 (Fig. 5 A and  B) indicated a high degree of specificity of 64 Cu-DOTA-HAC-PD-1 for PD-L1 binding. We obtained additional scans at 2, 4, and 24 h (SI Appendix, Fig. S11 A and D) and assessed biodistribution at 1 h and 24 h (SI Appendix, Fig. S12 ). High tumor uptake and favorable tumor-to-background ratios were observed at 1 h after injection, although a strong signal persisted within hPD-L1-positive tumors for at least 24 h (SI Appendix, Fig.  S11D ). In sum, the rapid and specific hPD-L1-positive tumor uptake of 64 Cu-DOTA-HAC enables its further evaluation for clinical imaging applications.
Discussion
Cancer immunotherapy is a treatment paradigm whose remarkable therapeutic potential is just beginning to be fully realized. Although unprecedented success has been achieved in cancer patients with antibodies targeting the PD-1:PD-L1 axis, nonantibody biologics against this pathway may be able to achieve additional therapeutic gains. In addition to the large size of antibodies, recent work has underscored that their Fc-effector functions can have a substantial and sometimes unexpected impact on the efficacy of cancer immunotherapy agents (23) . HAC-PD-1 does not share the antibodyinherent limitations of poor tumor penetration and unwanted depletion of effector T cells. Accordingly, it exerts superior efficacy against a challenging large tumor model compared with anti-PD-L1 antibodies. These results highlight the potential of small-protein biologics as therapeutics for patients and their broad applicability in modulation of the immune system.
In addition to enhanced delivery to tumors, the modular nature of small proteins like HAC-PD-1 enables facile combination with other immunotherapeutics. This is a key consideration in light of the impressive efficacy of combined checkpoint blockade with nivolumab (anti-PD-1) and ipilimumab (anti-CTLA4) in melanoma patients (24) as well as numerous preclinical studies that have demonstrated synergy between antibodies targeting PD-1:PD-L1 and additional immunomodulatory pathways, such as TIM-3 (25), LAG-3 (26), GITR (27) , OX-40 (28), and 4-1BB (29) . In the case of HAC-PD-1, multispecific agents targeting synergistic immunomodulatory pathways can readily be elaborated by simply fusing multiple small protein modules, including other engineered receptor decoys or single-domain antibodies. This design leverages the coexpression of different immune checkpoint ligands and/or receptors on the same cells to provide enhanced avidity, and thus potency, to the combined agent. Furthermore, multispecific therapeutics could simplify treatment regimens by reducing the number of separately administered drugs and, by extension, reduce the costs associated with their separate manufacture and development.
In considering small proteins as therapeutics, their size presents an important trade-off; although a decreased molecular weight enhances tumor penetration, it also results in increased glomerular filtration and renal losses. Consequently, HAC-PD-1 and other small PD-1:PD-L1 antagonists may need to be administered frequently or continuously to achieve a maximal therapeutic effect. By contrast, the long serum half-life of antibodies in humans makes dosing possible at convenient intervals spaced weeks apart. However, our data indicate that this convenience is counterweighed by the submaximal efficacy of antibodies in the immunotherapeutic setting. Additional study is necessary to determine an optimal balance between classical measures of pharmacokinetics such as drug serum half-life and more direct correlates of therapeutic effectiveness (e.g., target receptor occupancy in tumors).
Although generally well-tolerated compared with other cancer treatments, immunomodulatory drugs such as anti-PD-1 and anti-PD-L1 antibodies have toxicities that range from mild diarrhea to life-threating immune-related adverse events, including autoimmune hepatitis, pneumonitis, and colitis (8, 9) . Biomarkers and methods to identify which patients will respond to treatment are urgently needed to avoid unnecessary toxicity in patients who would not otherwise benefit from immunotherapy. Tumor PD-L1 expression by immunohistochemistry (IHC) has thus far proven a partial but imperfect predictor of anti-PD-1/ anti-PD-L1 response (30) . However, IHC may be an insensitive measure of tumor PD-L1 expression, and it is conceivable that incomplete tumor sampling may mischaracterize PD-L1-positive tumors as negative. Here, we demonstrate the feasibility of using HAC-PD-1 immuno-PET imaging of tumor PD-L1 expression as an alternative to IHC. This noninvasive approach allows simultaneous imaging of the entire tumor and associated metastases, which may differ from the primary tumor in PD-L1 expression status. Furthermore, PET imaging can be used for repeated assessment of the same tumor at different time points (e.g., before and after treatment), thereby yielding a richer set of diagnostic information that would be difficult or impossible to achieve with traditional biopsy/IHC approaches. Future investigation is thus warranted to evaluate the potential of HAC-PD-1 as both a cancer therapeutic and immunodiagnostic.
Methods
Mice. Animal studies were performed in compliance with approval from the Administrative Panel on Laboratory Animal Care at Stanford University. The 6-8-wk-old BALB/c mice, used for syngeneic tumor engraftments and assessment of T-cell levels in response to treatments, were obtained directly from The Jackson Laboratory. Nod.Cg-Prkdc.scid.IL2rg.tm1Wjl/SzJ (NSG) mice, used for in vivo assessment of tumor penetrance and PET studies, were obtained from in-house breeding stocks.
Cell Lines. The human melanoma cell line SK-MEL-28, the murine melanoma cell line B16.F10, and the murine colon carcinoma cell line CT26 were obtained from the ATCC. All cell lines were maintained in a humidified, 5% (vol/vol) CO 2 incubator at 37°C. SK-MEL-28 cells were subcultured in Eagle's Minimum Essential Medium medium (ATCC) supplemented with 10% (vol/vol) FBS (Thermo Fisher Scientific). B16.F10 cells were subcultured in Dulbecco's Modified Eagle's Medium (Life Technologies) supplemented with 10% FBS and 55 μM 2-mercaptoethanol (Sigma). CT26 cells were grown in RPMI supplemented with 10% (vol/vol) FBS. Genetic variants of CT26 were created by simultaneous transduction of CT26 cells with Cas9-expressing lentivirus and a lentiviral pool encoding a mixture of two mPD-L1-targeting sgRNAs (sequence GGCTCCAAAGGACTTGTACG and GGTCCAGCTCCCGTTC-TACA, respectively) designed using the tools at genome-engineering.org (31) . At 6 d postinfection, cells were induced to express high levels of PD-L1 through treatment with 100 ng/mL of mouse IFNγ, and at 7 d postinfection, cells were harvested and stained with allophycocyanin (APC)-labeled 10F.9G2 antibody. The negative population was isolated by FACS with a FACS Aria cell sorter, cultured, and subjected to two additional sequential rounds of FACS sorting. This stable negative population was defined as CT26-Δ(mPD-L1). CT26-Δ(mPD-L1) cells were transduced with lentivirus encoding for constitutive, EF1A-driven expression of hPD-L1 to generate a hPD-L1-expressing mouse cancer line. Transduced cells were stained with PE-anti-PD-L1 (clone MIH1, eBioscience) and hPD-L1-expressing cells isolated by FACS to generate the subline CT26-Tg(hPD-L1)-Δ(mPD-L1).
Protein Expression and Purification. The hPD-1 IgV domain (residues 26-147), hPD-L1 IgV and IgC domains (residues 19-239), high-affinity PD-1 variants, and HACmb were assembled as gBlocks (Integrated DNA Technologies) and cloned in-frame into pAcGP67a with a carboxyl-terminal 8× histidine tag for secretion from Trichoplusia ni (High Five) cells using baculovirus. The N91C mutation was introduced into HAC-V using PCR-mediated site-directed mutagenesis. Secreted protein was purified from conditioned medium by nickel-nitrilotriacetic acid chromatography and desalted into PBS. Proteins used for functional or in vivo studies in mice were additionally subjected to column washes with Triton X-114 to remove endotoxin. Biotinylated proteins were obtained by addition of a carboxyl-terminal biotin acceptor peptide sequence (GLNDIFEAQKIEWHE) and enzymatic biotinylation with BirA ligase.
Protein Labeling with Amine-and Cysteine-Reactive Probes. HAC-V N91C was expressed and purified as described above and reduced by application of Tris (2-carboxyethyl)phosphine to a final concentration of 1 mM. The reduced protein was combined with a 20-fold molar excess of AlexaFluor 594 C5 maleimide (Life Technologies), AlexaFluor 647 C2 maleimide (Life Technologies), or maleimido-monoamide-DOTA (Macrocyclics) and incubated at room temperature for 1 h and then 4°C for an additional 12 h. Excess-free probe was removed by desalting the reaction mixture into PBS using a VivaSpin protein concentrator (Sartorius Stedim). For DOTA-HAC, reacted protein was exchanged into Hepes buffered saline (10 mM Hepes pH 7.4, 150 mM NaCl) and concentrated to ∼5 mg/mL. The number of chelators There was no PVC correction. Error bars represent SD. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA.
coupled per antibody (c/a) was estimated with matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry by comparison of unreacted HAC-N91C and HAC-DOTA.
Low-endotoxin/azide-free anti-hPD-L1 (clone 29E.2A3, BioLegend) was labeled with an eightfold molar excess of AlexaFluor 488 NHS ester for 2 h at room temperature (Life Technologies). Free dye was quenched by addition of Tris pH 8.0 to a final concentration of 20 mM and the labeled antibody desalted with a VivaSpin protein concentrator.
Yeast Display and Directed Evolution. The IgV domains of hPD-1 (residues 26-147), the IgV and IgC domains of hPD-L1 (residues 19-132), and hPD-L2 (residues 20-123) were displayed on the surface of Saccharomyces cerevisiae strain EBY100 as N-terminal fusions to Aga2 using the pYAL vector as previously described (32) . Construction and selection of the first-generation hPD-1 library. Twenty-two potential PD-L1 contact residues in hPD-1 were identified from homologous positions in the structure of mPD-1 complexed to hPD-L1 [Protein Data Bank (PDB ID) code 3SBW]. A library randomizing these residues (SI Appendix, Fig.  S1 ) was constructed using assembly PCR with the primers listed in SI Appendix, Table S1 . The library had a theoretical diversity of ∼9.5 × 10 19 unique protein sequences. The PCR products were further amplified with primers containing homology to the pYAL vector and coelectroporated together with linearized pYAL into EBY100 yeast. The resulting library contained 0.9 × 10 8 transformants.
Transformed yeast were recovered and expanded in liquid synthetic dextrose medium with casamino acids (SDCAA) medium at 30°C and induced by dilution 1:10 into liquid synthetic galactose medium with casamino acids (SGCAA) medium and cultured at 20°C for 24 h. Appropriate numbers of induced yeast were used in each round to ensure at least 10-fold coverage of the expected diversity of the library at each step, and not less than 10 8 cells.
All selection steps were carried out at 4°C using MACS buffer (PBS with 0.5% BSA and 2 mM EDTA). Before each round, preclearing against streptavidin (SA) AlexaFluor 647 (produced in-house) was performed with anti-Cy5/Alexa Fluor 647 microbeads (Miltenyi) and an LD MACS column (Miltenyi). For rounds 1-3, positive selection was performed by labeling-induced yeast with 1 μM biotinylated hPD-L1 for 1 h at 4°C, followed by secondary staining with SA AlexaFluor 647 and magnetic selection with anti-Cy5/AlexaFluor 647 microbeads and an LS MACS column (Miltenyi). For round 4, positive selection was performed by staining with 10 nM biotinylated hPD-L1 and secondary labeling with SA AlexaFluor 647. Display levels were determined by staining with AlexaFluor 488-conjugated anti-cMyc (Cell Signaling Technologies), and the top 1% of displaynormalized hPD-L1 binders were isolated using FACS with a FACS Aria cell sorter. After each round of selection, recovered yeast were expanded in SDCAA medium at 30°C overnight and later induced at 20°C by a 1:10 dilution into SGCAA medium for 24 h. Construction and selection of the second-generation hPD-1 library. The secondgeneration library was designed to randomize 10 contact positions from the first library that demonstrated convergence away from the wild-type residue as well as seven additional core positions. The design (SI Appendix, Fig. S2 ) had a theoretical diversity of ∼9.1 × 10 9 unique protein sequences. As for the first-generation library, the second-generation library was constructed by assembly PCR with primers listed in SI Appendix, Table S2 and coelectroporated with pYAL into EBY100 yeast. The resulting library yielded 1.2 × 10 8 transformants.
The second-generation library was selected similarly to the first-generation library with a few modifications. Rounds 1-3 were performed by staining with 1 μM biotinylated hPD-L1 and magnetic bead selection as described above. For rounds 4 and 5, kinetic selection was performed to select for variants with decreased off-rates. Briefly, yeast were stained with 10 nM biotinylated hPD-L1 for 1 h at 4°C. After washing with MACS buffer, the yeast were then incubated with 1 μM nonbiotinylated hPD-L1 for 6 h at room temperature with agitation. Postcompeted yeast were then stained with SA AlexaFluor 647 and AlexaFluor 488-conjugated anti-cMyc, and the top 1% of display-normalized binders were isolated by FACS sorting.
Surface Plasmon Resonance. Experiments were conducted using a Biacore T100 and carried out at 25°C. Biotinylated PD-L1 was immobilized onto a Biacore SA sensor chip (GE Healthcare) to yield an Rmax of ∼100 RU. An unrelated biotinylated protein (the IgSF domain of human CD47) was immobilized onto the reference surface with a matching RU value to control for nonspecific binding. Measurements were made with serial dilutions of the PD-1 variants in Hepes buffered saline-P+ buffer (10 mM Hepes pH 7.4, 150 mM NaCl, 0.005% surfactant P20) as indicated in Fig. 2A . The PD-L1 surface was regenerated by three 60-s injections of 50% vol/vol ethylene glycol and 100 mM glycine pH 9.5. All data were analyzed with the Biacore T100 evaluation software version 2.0 with a 1:1 Langmuir binding model.
PD-1 Cell Competition Binding
Assays. WT PD-1 tetramer was formed by incubating biotinylated WT PD-1 with AlexaFluor 647-conjugated SA at a molar ration of 4:1. PD-L1 expression was induced on GFP-luciferase+ SK-MEL-28 cells by overnight simulation with 2,000 U/mL of human IFNγ. We then combined 100 nM WT PD-1 tetramer with titrating concentrations of WT PD-1 monomer, HAC-V, or HACmb and simultaneously added them to 100,000 induced SK-MEL-28 cells. Cells were incubated with the reagent mixtures on ice for 60 min and then washed to remove unbound tetramer. AlexaFluor 647 fluorescence intensity was quantified by flow cytometry using an Accuri C6 flow cytometer (BD Biosciences).
In Vivo Tumor Penetration Studies. The 6-8-wk-old female NSG mice were injected s.c. with 1 × 10 6 cells of the genetically modified colon cancer line CT26-Δ(mPD-L1) in their left shoulder, and 1 × 10 6 cells of CT26-Tg(hPD-L1)-Δ(mPD-L1) in their right shoulder, in a 50 μL suspension of 75% (vol/vol) RPMI (Life Technologies) and 25% (vol/vol) medium-density matrigel (Corning) for each injection. After 14 d, when tumors had grown to ∼1 cm in diameter, mice were injected intraperitoneally with a mixture of 100 μg AlexaFluor 488-conjugated anti-PD-L1 antibody (clone 29E.2A3, BioLegend) and 100 μg AlexaFluor 594-conjugated HAC-PD-1 monomer. After 4 h, mice were euthanized and their tumors were dissected. After several rounds of washing with cold PBS to remove excess blood, each tumor was cut in half. One half was incubated in a solution of 1% PFA in PBS overnight at 4°C with rocking, washed in PBS, and embedded in Tissue Tek Optimal Cutting Temperature (Sakura). The 7-μm frozen sections of these tissues were cut and thawed for 30 min, washed in acetone at 4°C for 4 min, air-dried for 10 min, washed in PBS (three times, 5 min each), and labeled with Hoechst 33342 (Invitrogen) before mounting with Fluoromount G (Southern Biotech). Slides were visualized on an Eclipse e800 fluorescent microscope (Nikon) at 10× or 20× magnification. Basic photo processing, including fluorescence channel false-coloring, channel merge, and brightness and contrast adjustment, were performed using Adobe Photoshop (Adobe). For FACS analysis, the second half of each tumor was finely minced with a straight razor, and the minced tissue was pressed through a 100-μM mesh cell strainer, rinsed with PBS, and finally passed through a 40-μM cell strainer while in liquid suspension. Samples were kept as close to 4°C as possible throughout all steps of processing. Finally, the resulting single-cell suspension was fixed in a 1% PFA solution and analyzed for antibody-and HAC-derived fluorescence signal on an LSRFortessa FACS Analyzer (BD Biosciences).
T-Cell Depletion Studies. The 6-8-wk-old wild-type female BALB/c mice were shaved on their lower dorsum and injected s.c. with 1 × 10 6 cells of the colon cancer line CT26 in a 50 μL suspension of 75% (vol/vol) RPMI (Life Technologies) and 25% (vol/vol) medium-density matrigel (Corning). Mice whose tumors failed to engraft within 7 d by visual inspection were excluded from further study. Those with palpable tumors were randomized into treatment groups, 10 mice per group, using the tools at random.org. Mice were treated for 3 d by once-daily i.p. injections of 100 μL PBS, 250 μg of anti-PD-L1 antibody (clone 10F.9G2, BioXcell), or 250 μg purified HACmb protein, each adjusted to a concentration of 2.5 mg/mL. For anti-CD47 studies, mice were injected with 25 μg anti-CD47 (clone MIAP301) as a "priming" dose and, then starting 3 d later, were treated daily with 250 μg anti-CD47, anti-CD47 plus anti-PD-L1, or anti-CD47 plus HACmb. After 3 d of treatment, peripheral blood and lymph nodes were collected from each mouse and stained with the following panel of antibodies (BioLegend): AlexaFluor488 CD45 (clone 30-F11), PerCP-Cy5-5 CD8 (clone 53-6.7), AlexaFluor700 Nk1.1 (clone PK136), APC-Cy7 B220 (clone RA3-6B2), PE-Dazzle CD11b (clone M1/70), PECy5 F4/80 (clone BM8), PE-Cy7 CD4 (GK1.5), and APC PD-L1 (clone 10F.9G2). DAPI was used as a viability stain. Samples were analyzed on an LSRFortessa FACS Analyzer (BD Biosciences).
CT26 Tumor Models. The 6-8-wk-old wild-type female BALB/c mice were shaved on their lower dorsum and injected s.c. with 1 × 10 6 cells of the colon cancer line CT26 in a 50 μL suspension of 75% (vol/vol) RPMI (Life Technologies) and 25% (vol/vol) medium-density matrigel (Corning). Mice whose tumors failed to engraft within 7 d by visual inspection were excluded from further study. For small tumor treatment studies, mice were randomized into cohorts using the list randomization tools at random.org, and treatments were administered starting 7 d postengraftment for all mice. In these small tumor studies, digital caliper measurements were taken every third day, and values were graphed as fold change, as normalized to the measured values on day 10. For large tumor studies, mice were engrafted as described above, and starting at day 8, tumors were measured on a daily basis. Mice were individually sorted into treatment cohorts, and treatment was initiated only when tumors reached a threshold of 150 mm 3 , ∼10-14 d postengraftment in all cases. Digital caliper measurements were taken every day for every mouse in the large tumor experiment for the duration of treatment. To reduce random day-to-day variability in measured values, the graphed tumor volumes in this experiment are averages as evaluated within a sliding window that includes the current day, the previous day, and the next day's measurements. Values from the large tumor study were graphed as absolute tumor volume (mm 3 ). In both experiments, mice were given daily treatment injections intraperitoneally for 14 d with 100 μL PBS, 250 μg anti-PD-L1 antibody (clone 10F.9G2, BioXcell), or 250 μg purified HACmb protein, each adjusted to a concentration of 2.5 mg/mL. Tumors were approximated as ellipsoids with two radii, x and y, where x is the largest measurable dimension of the tumor and y is the dimension immediately perpendicular to x: Volume = (4/3) * (π) * (x/2) * (y/2) (2). Cu-DOTA-HAC (∼230 μCi/25 μg protein/200 μL PBS). One group also received a blocking dose (n = 3) of 500 μg/200 μL cold HAC 2 h preinjection of PET radiotracer. Mice were anesthetized and imaged on a Siemens Inveon small-animal multimodality PET/CT system (Preclinical Solutions; Siemens Healthcare) at time points of 1, 2, 4, and 24 h postinjection. CT raw images were acquired in the second bed position at 80 kVp/500 μA, half-scan 220°of rotation, 120 projections per bed position, with a 50-μM focal spot size using a cone beam micro-X-ray source, and a 2,048 × 3,072 pixel X-ray detector. Cone-beam filtered back-projection and a Shepp-Logan filter were used to reconstruct CT datasets. Static PET images were acquired with the default coincidence timing window of 3.4 ns and energy window of 350-650 keV on the basis of attenuation correction from the CT scans. PET scan acquisition time lengths of 3 min (1, 2 h), 5 min (4 h), and 10 min (24 h) were chosen based upon time postinjection. PET datasets were reconstructed using the 2D ordered-subset expectation maximization (OSEM 2D) algorithm (33) . Image analysis was performed using the Inveon Research Workspace. For each micro-PET scan, 3D regions of interest (ROIs) were drawn over the liver, spleen, kidneys, and tumor on decay-corrected whole-body images. Percent injected dose per gram (%ID/g) of tissue in each organ was obtained from dividing the mean pixel value in the ROI (nCi/cc) by the total injected dose. Partial volume correction was not performed. Statistical analysis was performed by two-way ANOVA (GraphPad). Figure 3A , but from the center of the tumor rather than at the periphery. Image is from tumors dissected four hours after intraperitoneal injection of anti-hPD-L1-Alexa Fluor488 (green) and HAC-Alexa Fluor 594 (red). Nuclei (blue) were labeled with DAPI. Scale bars represent 500µm. , where µμ ! is the average %ID/g for n mice at a given time point, µμ !"# is the maximum average %ID/g for all time points, and µμ !"# is equal to zero. 
